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[57] ABSTRACT 

A capacitor structure comprising a ?rst thin film tun 
neling capacitor in circuit with a resistor and a second 
capacitor wherein the capacitance value of said struc 
ture switches abruptly with applied bias potential. ' 
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SOLID-STATE SWITCHING CAPACITOR 
The present invention relates to capacitor circuits, 

and more particularly to capacitor circuits whose ca 
pacitance value is switchable abruptly with applied bias 
potential. 
The invention described herein was made in the per 

formance of work under a NASA contract and is sub 
ject to the provisions of Section 305 of the National 
Aeronautics and Space Act of I958, Public Law 
85-568 (72 Stat. 435; 42 U.S.C. 2457). 

In the field of signal processing there oftentimes ex 
ists a need for a switchable capacitor, that is, one whose 
capacitance value can be switched from one value to 
another abruptly. For example, in frequency shift key 
ing applications, a capacitor or other frequency deter 
mining circuit element is switched in and out of circuit 
to control the operating frequency. The arrangements 
heretofore available have suffered various shortcom 
ings. A need, therefore, exists for a relatively inexpen 
sive and reliable circuit for achieving the same effect, 
that is, a circuit whose capacitance value can be 
changed to effect the change in operating frequency, 
all in response to an applied bias potential. To change 
frequency, one would need only to change the bias po 
tential. 

It is, therefore, an object of this invention to provide 
an improved switchable capacitor circuit device. 

It is another object of the invention to provide an im 
proved signal processing arrangement. 
A further object of the invention is to provide a novel 

circuit consisting of a resistor and capacitor parallel 
pair placed in series with a circuit element of unique 
characteristic which exhibits the characteristics of a ca 
pacitor (that is, passing predominantly displacement 
current) for a given range of applied bias potential and 
the characteristics of a resistor (that is, passing pre 
dominantly conduction current) for bias potentials out 
side the above-mentioned range. 
A still further object of the invention is to provide an 

improved method and means for producing a capaci 
tive effect which is switchable under the control of a 
bias potential. v 

In accordance with one aspect of the invention, there 
is provided a circuit exhibiting a sudden and repeatable 
change in capacitance with a given value of voltage ei 
ther positive or negative. The effect is obtained be 
cause of a series element which is a tunneling capaci 
tor. The voltage at which the effect occurs and the 
change in capacitance can be changed by altering the 
physical dimensions of the tunneling capacitor. 

BRIEF DESCRIPTION OF THE DRAWINGS 
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The aforementioned general objects and the various . 
unique features of the present invention will be more 
clearly appreciated from the following description of a 
particular illustrative embodiment which is made in 
conjunction with the accompanying drawings wherein: 
FIG. 1 illustrates ‘a metal-oxide-metal-oxide-metal 

(MOMOM) capacitor structure in accordance with 
one embodiment of the present invention; 
FIG. 2 illustrates graphically the capacitor-bias volt 

age characteristic exhibited by such structure; 
FIG. 3 illustrates a circuit equivalent to the structure 

of FIG. 1 useful in explaining the invention; 
FIG. 4 illustrates graphically current-voltage charac 

teristics of the tunneling capacitor which allow the nec 
essary effect. 
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2 
FIG. 5 illustrates a parallel arrangement of structures 

useful in producing a multistep change in capacitance 
value in accordance with the present invention; 
FIG. 6a illustrates a structure consisting of a common 

MOM section connected to separate tunneling MO,M, 
and MO2M, sections which are placed in series with op 
positely poled unidirectional devices D, and D2. 
FIG. 6b illustrates graphically the capacitor-bias volt 

age characteristic exhibited by such structure as shown 
in FIG. 60. 
FIG. 7a illustrates a structure consisting of separate 

M,O,M and M2OzM structures in series with oppositely 
poled unidirectional devices D, and D, and connected 
to a common MOM section. 
FIG. 7b illustrates graphically the capacitor-bias volt 

age characteristic exhibited by such structure as shown 
in FIG. 7a. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT " 

If one places a thin dielectric capacitor in series with 
a shunt conventional resistor‘capacitor pair and if the 
thin dielectric capacitor has certain electrical proper 
ties, the resulting circuit will exhibit a capacitance the 
value of which will switch either reversibly or nonrev 
ersibly due to an applied DC potential across the entire 
structure. 
The thin dielectric capacitor must have a dielectric 

sufficiently thin, generally less than 50 angstroms, so as 
to allow appreciable quantum mechanical tunneling to 
occur as a result of an applied bias potential. With this 
being the case, this element will pass both displacement 
and tunneling conduction current simultaneously. With 
zero applied bias, the element will pass current — the 
major portion of which is displacement current due to 
an applied small signal AC. As the ‘DC potential bias 
across this element is increased, the quantum mechani 
cal tunneling current increases exponentially with bias 
and has the nature of a conduction current. Since the 
displacement current ?owing through the element due 
to the applied small signal AC has a magnitude which 
is invariant with applied DC bias potential, as the DC 
bias potential is increased the total current will become 
predominantly tunneling current which has the nature 
of conductive current through a resistor. 
As a result of this effect of both'displacement and 

conduction currents ?owing and the conduction cur 
rent magnitude being exponentially dependent on‘DC 
bias potential magnitude, this element appears to small 
signal AC as a capacitor for small values of applied DC 
potential. Beyond a certain DC bias potential VC, the 
element appears as a very low resistance element. As 
is well-known, the value of the critical bias potential V, 
is a function of the workfunction difference of the two 
metal capacitor plates and the thickness of the insula 
tor layer of the capacitor; the functional behavior can 
easily be calculated using the standard WKB method, 
as described, for example, by Schiff, Quantum Me 
chanics, McGraw-I-Iill, 1955. 
When this element (whosesmall signal capacitance 

for zero DC bias is C,) is placed in series with a shunt 
resistor-capacitor pair (values R, and C,), the capaci 
tance of the entire structure appears for low magnitude 
DC bias as approximately (C, E C,C,/C,+C,). As the 
applied DC bias potential is raised above the magnitude 
Vc (which allows the portion of this bias across the tun 
nel element to rise above V0,), the structure capaci 
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tance appears then as C" = C,. This effect occurs since 
the thin dielectric capacitor appears electrically as a 
very low resistance conduction element once the mag 
nitude of the bias potential across it exceeds V0,. Two 
cases are had depending on the value of R,. The cases 
are: 

I. If R, —> w the element capacitance will switch from 
CL to C” irreversibly and then remain at C" due to 
the effect of the magnitude (not polarity)1of the ap 
plied bias. 

II. If R, = R, as given by relation 
(2VCl/I?cpp) > > (Vlotal _ vCl/Icrmcal) 

where lam, = peak-to-peak AC current 
where V,,,,,,, = maximum instantaneous potential magni 
tude appearing across the device 
Imam, = maximum allowable current through the tun 
nel element without permitting element destruction, 
the capacitance of the structure will switch from C, to 
CM as the bias potential exceeds VC (independent of po 
larity) and will return to CL as the applied voltage is 
brought lower to Vc in a reversible manner. 
FIG. 1 shows a device exhibiting the aforementioned 

effects whereas FIG. 3 illustrates an equivalent circuit 
useful in explaining the operation of the device. FIG. 2 
illustrates the switching capacitance characteristic 
achieved with the switch S closed and connecting the 
resistor R in circuit with the device. In FIG. 2, the bias 
potential is plotted as the abscissa and the capacitive 
values as the ordinate. 
A metal-oxide-metal-oxide-metal (MOMOM) capac 

itor structure of the type shown in FIG. 1 was fabri 
cated as follows. The substrate used consisted of a slice 
of 99.999 percent pure aluminum. Oxide No. l was 
grown on the substrate in the following manner: 

a. A solution of 3 percent reagent grade d-tartaric 
acid and 97 percent distilled demineralized water 
was mixed with reagent grade NI-I4OI-I until the pH 
of the resulting solution was 5.5. 

b. Two aluminum electrodes were partially immersed 
in the solution. 

c. A potential difference of approximately 75 volts 
was placed across the two electrodes. The anode 
was the substrate while the cathode aluminum was 
also of comparably high purity. 

d. The current through the anodic oxidation circuit 
(consisting of a power supply electrode and elec 
trolytic solution) was monitored and the potential 
difference was removed after this current was 
below 0.5 milliamperes. 

e. The substrate, anode, was then removed from the 
solution, rinsed thoroughly in running distilled de 
mineralized water and subsequently air dried. 

Oxide No. 2 was grown in an oxygen atmosphere at 
elevated temperature to a thickness of SO-IOOA. The 
oxides having been produced, the substrate was placed 
in a vacuum system and pumped down to 5 X 10‘5 
Torr. A series of metal counter electrodes was then 
vapor deposited through a stainless steel mask onto 
each oxide. Device small signal capacitance was mea 
sured as a function of direct current bias potential dif 
ference placed across the entire device by means of a 
metal counter electrode. The results of the test are de~ 
picted in FIG. 2. It must be noted at this time that as 
one increases the bias potential difference past VC the 
capacitance value switches from the low value to the 
high value. Upon decrease of this bias potential past VC 
the capacitance switches back down from the high 
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4 
value to the low value as was shown in FIG. 2. The cir 
cuit model which accurately describes the effect on the 
basis of the physics of the device is shown in FIG. 3. In 
this particular ?gure, capacitor C, corresponds to the 
capacitance formed by the aluminum substrate of FIG. 
1, and the aluminum electrode separated from the sub 
strate by ‘the anodically grown oxide. This capacitor is 
of a large area and determines the value of C,,,,,,,. CM," 
will be essentially equalto E, A,/D, where E, is the di 
electric constant of the oxide which is used. A, is the 
area of the top electrode and D, is the oxide thickness. 
As can be seen, both the oxide thickness and the area 
of top electrode can be varied to vary the value of C M“. 
Section 2 of the circuit shown in FIG. 3 represents the 
capacitor formed by the thin air grown dielectric oxide 
on the aluminum substrate with an aluminum electrode 
applied to this oxide. This capacitor has current voltage 
characteristics shown in FIG. 4. Below the value VC, 
this device looks circuit-wise like a relatively low loss 
capacitor. The value of the capacitance depends on the 
oxide thickness and the area of the counter electrode 
evaporated onto the thin oxide. If the bias voltage is 
raised to V,;, of FIG. 4 and a bias current below lam“, 
is allowed to ?ow through this aluminum structure, the 
device will act as a constant voltage short circuit'so far 
as the circuit aspect is concerned. Section 2 of FIG. 3 
shows a capacitor in parallel with a switch. This repre 
sents the tunneling capacitor. The capacitor value is 
determined as is mentioned above by both the thin 
oxide thickness and the area of the counter electrode 
deposited on that thin oxide and is, in fact, essentially 
equal to E,A,/D, where E, is equal to the dielectric 
constant of the thin oxide. A, is the area of the counter 
electrode and D, is the thickness of the thin oxide. It 
must be remarked at this point that in order to obtain 
current voltage characteristics as are shown in FIG. 4, 
the oxide thickness must be in the neighborhood of less 
than 50A, otherwise tunneling current will not ?ow and 
such a current voltage characteristic will not obtain. 
The thin oxide is characterized in Section 2 of FIG. 3 
as a capacitor shunted by an open switch until VC, ap 
pears across this particular section. With bias voltage 
equal to or greater thanVc , and a small current ?owing 
through the device, the device acts as though the switch 
in the circuit model is closed. Hence, we have essen 
tially a short circuit in this case with a V¢ , voltage ap 
pearing across it in order to sustain the short circuit. 
One must allow, as was mentioned above, a current to 
flow and this value will be below 1mm“. In order to 
allow this current to flow, capacitor C, of Section 1 of 
FIG. 3 is shunted by a resistor, the value of which is de 
termined by the current that is necessary to flow 
through the device of Section 2 in order to bias it into 
the short circuit region. A resistance relation for this 
resistor is given as follows: 

R = (VIN - VcJ/(lmum) 

where V“, is the largest voltage magnitude which will 
ever be placed across the entire structure, V6, is the 
critical voltage of the thin tunneling capacitor, and 
lame“, is the current through the tunneling capacitor. 
Any value above this critical current will destroy the 
tunneling capacitor. One embodiment of the present 
invention is the use of both of these capacitors, that is, 
the thick and thin film tunneling capacitors, in series 
along with a resistor to produce a capacitor, the small 
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signal value of which switches with the bias potential 
applied. 
Referring to FIG. 5, there is shown an arrangement 

for coupling two devices as shown in FIG. 1 across a 
common load circuit and common bias voltage source. 
As the magnitude of the bias voltage remains at zero 
and up to but not including V,, the overall or net capac 
itance value of the two circuits equal Co, plus C02, i.e., 
the sum of the tunneling capacitance values of the 
M,O,Ml and M,0,M, device portions since Cl is di 
mensioned to be much greater than C01 and C2 is di 
mensioned to be much greater than C02. As the bias 
voltage reaches V1 and moves up to but not including 
V2, the net capacitance value is C02 H- C,. As the voltage 
reaches V2 and exceeds it, the net capacitance value 
becomes C, + C2. 

Referring to FIG. 6a, there is shown an arrangement 
in which two tunneling capacitors comprising M0,Ml 
and MOZMZ are connected through respective ‘and op 
positely poled unidirectional devices D1 and D2 to one 
terminal of an applied bias supply. These devices are, 
in turn, coupled through a common MOM capacitor in 
parallel with a resistor R to the other terminal of an ap 
plied bias supply. This arrangement results in a net ca 
pacitance value characteristic such as that shown in 
FIG. 6b. The capacitance value stays at a relatively low 
value for a bias potential which ranges between +Vl 
and —V2. As the potential +V,, the voltage switches to 
a given high capacitance value. For a different bias po 
tential, namely —V,, the capacitance value also 
switches to this relatively high capacitance value. The 
arrangement of FIG. 6, therefore, provides capacitance 
value switching between two given levels for different 
applied voltages, namely +V, and —V2. 
The arrangement of FIG. 7a shows the two capacitive 

devices M,O,M and M2O¢M connected through respec 
tive unidirectional conducting devices DI and D2 across 
a common resistor R and to one terminal of an applied 
voltage source. The diodes are oppositely poled. The 
other terminal, in effect, of 'these two aforementioned 
devices is connected through a common MOM capaci 
tor to the other terminal of the applied voltage supply. 
FIG. 7b indicates that with the arrangement of FIG. 7a 
the net capacitance‘value of the overall arrangement is 
switchable between a given low capacitance value and 
either of two different high capacitance values C1 and 
C, for respective applied potentials of —V and +V. 
While the invention has been particularly shown and 

described with - ‘respect to preferred embodiments 
thereof, it will be understood by those skilled in the art 
that changes in the form and detail may be made 
therein without departingfrom the spirit and scope of 
the invention. > 

What we claim as new and desire to secure by Letters 
Patent of the United States is: 

1. An arrangement comprising: _ 
?rst and second terminal means for applying a bias 

voltage to said arrangement; 
a pair of capacitors each having one terminal in series 
with a respective unidirectional conducting device, 
and the series arrangements being coupled across 
a common resistor, said unidirectional devices 
being oppositely poled and coupling said capaci 
tors to one of said ?rst and second terminal means, 
the other terminals of said capacitors being cou 
pled through a common tunneling capacitor to the 
other of said ?rst and second terminal means, said 
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6 
tunneling capacitor having a multilayer metal 
insulator-metal structure, said insulator layer being 
sufficiently thin to permit substantial conduction 
current to pass therethrough through the process of 
quantum mechanical tunneling upon application of 
a bias voltage between said first and second termi 
nal means which is of insufficient magnitude to 
cause destruction of said insulator layer. 

2. The arrangement of claim 1, wherein said insulator 
layer is of the order of 50 angstroms thick. 

3. The arrangement of claim 1, wherein said common 
tunneling capacitor comprises a first layer of Al, a sec 
ond layer of A1203 on said ?rst layer, and a third layer 
of Al on said second layer; and 

said pair of capacitors comprises a pair of forth layers 
of A1203 on said ?rst layer of Al, and a pair of fifth 
electrode layers of Al on said pair of forth layers, 

whereby said pair of capacitors and said common 
tunneling capacitor form a unitary structure. 

4. A voltage-variable capacitance arrangement com 
prising: 

?rst and second terminal means for applying a bias 
voltage to said arrangement; 

a pair of tunneling capacitors each having one termi 
nal in series with a respective unidirectional con 
ducting device, said unidirectional devices being 
oppositely poled and coupled said capacitors to 
one of said ?rst and second terminal means; 

. the other terminals of said tunneling capacitors being 
coupled through a common capacitor to the other 
of said ?rst and second terminal means, and a resis 
tance means being coupled in parallel to said com 
mon capacitor; 

said tunneling capacitors each having a multilayer 
metal-insulator-metal structure, said insulating 
layer being sufficiently thin to permit substantual 
conduction current to pass therethrough through 
the process of quantum mechanical tunneling upon 
application of a bias voltage between said first and 
second terminal means which is of insuf?cient' 
magnitude to cause destruction of said insulator 
layer. ' 

5. The arrangement of vclaim 4, wherein the insulator 
layer of each of said tunneling capacitors is of the order 
of 50 angstroms thick. ' 

6. The arrangement of ‘claim 4, wherein the metal 
layers of the tunneling capacitors are such that the dif 
ference in workfunctions of the two metal layers of one 
tunneling capacitor is not equal to the corresponding 
difference for the other capacitor, whereby the thresh 
old voltages for tunneling conduction for the two tun 
neling capacitors differ. 

7. The arrangement of claim 4, wherein said common 
capacitor comprises a ?rst layer of ‘Al, a second layer 
-of Al,0a on said ?rst layer, and a third layer of Al on 
said second layer; and, 

said tunneling capacitors each comprise a ?rst tun 
neling layer of A120, on said ?rst-layer of Al, and 
a second electrode layer of Al on said ?rst tunnel 
ing layer, ' 

whereby said common capacitor and said tunneling 
capacitors form a unitary structure. 

8. An arrangement comprising: , 
?rst and second terminal means for applying a bias 

voltage to said arrangement, 
?rst and second tunneling capacitors each having one 
terminal connected to one of said ?rst and second 
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terminal means, the other terminals of said first and which is insufficient in magnitude to cause destruc 
second tunneling capacitors being coupled through tion of said insulator layer. 
respective ?rst and Second capacitors to the other 9. The arrangement of claim 8, wherein the insulator 
of said first and second terminal means, and first 
and second resistance means being coupled in par- 5 
allel with said ?rst and second capacitors, respec 
tively, ' 

layer of each of said tunneling cacapacitors is of the 
order of 50 angstroms thick. 

10. The arrangement of claim 8, wherein the differ 
said ?rst and second tunneling capacitors each com- ence in workfutiction of the metal layers .of said ?r.“ 

prising a multilayer metamnsulambmetal Strum tunneling capacitor 15 greater than the difference in 
tum’ Said insulator layer being sufficiently thin to 10 workfunction of the metal layers of said second tunnel 
permit substantial conduction current to pass ing capacitor, whereby the threshold voltages for tun 
therethrough through the process of quantum me- neling conduction for the two tunneling capacitors dif 
chanical tunneling upon application of a bias volt- fer 
age between said first and second terminal means * * * * * 
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